Introduction
Semiconductor nanocrystals have attracted considerable attention owing to their wide range of applications in photodetectors [1] [2] [3] , light emitting diodes [4, 5] , biology [6] supercapacitors [7, 8] , and solar cells [9] [10] [11] . Different kinds of semiconductors have been developed for each purpose [12] . Interesting candidates among those specifically aimed for solar cell applications are ternary and quaternary copper-based chalcogenide semiconductors, because they have high absorption coefficients and appropriate band gaps for light absorption. Within ternary chalcogenide semiconductors chalcostibite (CuSbS2) is an emerging one due to its suitable bandgap. It is relatively less explored in comparison with CuInS2 [13, 14] , Cu(InGa)Se2 [15] , and Cu2ZnSnS4 [16, 17] and has been demonstrated as a promising alternative, because all elemental components of CuSbS2 are earth abundant and economical, as the price of antimony is much lower than that of indium [18] . First-principle calculations using density functional theory have indicated CuSbS2 as a new promising candidate for a p-type absorber material [19] . The results of the calculations suggest that CuSbS2 has a strong light absorption coefficient (α > 1 × 10 4 cm −1 ), and suitable electrical properties, both of which are essential for solar cell application [20, 21] . CuSbS2 crystallizes in an orthorhombic crystal system with a Pnma space group [22] . It is chemically quite similar to CuInS2 but structurally very different due to its low valence state of antimony [23] .
Theoretical simulations predict that CuSbS2 has an indirect band gap, but experimental investigations show that the material has a direct band gap. However, many key parameters of CuSbS2, such as the conduction band and valence band positions have not been fully investigated [21, 24] . Studies of this material as a potential absorber for sustainable and scalable thin film solar cells have been conducted, but still more research and investigation needs to be done in order to fully characterize the properties of these materials [25] [26] [27] [28] .
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In recent years, characterization of CuSbS2 thin films deposited by sputtering [29] , thermal evaporation [30, 31] , and chemical bath deposition [32] have been published, but there are only a few studies on the synthesis of CuSbS2 in powder form. In the synthesis of ternary materials, controlling the reaction condition, which is directly related to the synthesis method is essential.
Many efforts have been focused on the nanoparticle formation mechanism, and many reliable and reproducible synthesis approaches have been developed [33, 34] . Solvothermal, hydrothermal and hot injection methods have already been reported for the formation of CuSbS2 nanocrystals [7, 22, 26, 35] . As simultaneous nucleation and growth leads to poor size distribution, separating nucleation and growth stages is desirable. To separate these two stages, injection of precursors into solvents at a high temperature, followed by a reduction of the reaction temperature may be employed [36] . In hot injection method nucleation occurs at high temperature at the injection of the reactant. This instantaneous nucleation results in narrow size distribution and good control of particle size [33] .
To date, the influence of sulfur precursor ratio and temperature on controlling the shape, size, and crystal structure of CuSbS2 have not been investigated. These characteristics are important for final application. In this paper, we report a systematic study of synthesis procedure via hot injection route for obtaining of CuSbS2 powders with controlled size and shape only by using one kind of sulfonating agent.
Experimental

Synthesis of CuSbS2 powder
The CuSbS2 samples were synthesized using a hot injection method. Typically, CuCl (1 mmol) and SbCl3 (1 mmol) were dissolved in OLA and backfilled with nitrogen for 15 min, and 5 then heated to 120 °C until a clear yellow solution was reached. The temperature was increased to the target temperature in N2 atmosphere, and then OLA containing sulfur was injected into the mixture. This mixture was maintained at the target temperature (either 240 °C or 260°C) for 5 min.
The molar ratios of copper (Cu), antimony (Sb), and sulfur (S) precursors were adjusted to 1:1:2, 1:1:2.5, 1:1:3, 1:1:3.5, and 1:1:4 (later referred to ratios of 2, 2.5, 3, 3.5 and 4). After completion of the reaction, the solution was cooled down to 60 °C and the product was washed several times using a mixture of n-hexane and ethanol. Finally, the precipitate was dried at 60 °C for further characterizations.
Measurements and characterization
The crystal structure and phase purity of CuSbS2 were analyzed by X-ray diffraction (XRD)
with PANalytical X'pert Powder Pro diffractometer using Cu-Kα radiation (1.5406 Å) at a voltage setting of 45 kV and a current setting of 40 mA. The morphology and elemental compositions of the powders obtained was studied by Scanning Electron Microscopy (SEM; TESCAN Mira 3) equipped with energy dispersive X-ray spectroscopy (EDX). The average particle size was analyzed from SEM images by using 100 particles of each sample. TEM (Tecnai G2 F20) was used to investigate particle morphology and crystal structure at an operating voltage of 200 kV.
The UV-vis-NIR diffuse reflectance spectrum was recorded using a Perkin Elmer Lambda 950 for band gap calculation. caused not only the appearance of Sb2S3, but also a famatinite Cu3SbS4 phase (ICSD No. 98-000-2857). It indicates that controlling the sulfur ratio at this temperature is necessary to avoid formation of these phases, but it is still possible to obtain pure stoichiometric CuSbS2 at sulphur ratios of up to 3.
XRD patterns of samples synthesized at 260 °C are depicted in Fig. 2 . The pattern of the sample with the stoichiometric sulfur ratio of 2 illustrates that an antimony (Sb) phase existed beside the CuSbS2 phase and it disappeared only with the increasing of sulfur to ratio of 2.5.
Moreover, at this ratio the XRD pattern shows intense preferred orientation in the powders and the intensity of {104} and {013} reflections are dramatically enhanced. This observation confirms that for the completion of the reaction and for the formation of CuSbS2, sulfur content greater than stoichiometric is needed. The XRD pattern for a sample with a ratio of 3 was similar to that of 2.5.
Enhancement of the sulfur ratio to 3.5 and 4 led to the appearance of a small peak, obviously related to a sulfur phase. In addition, absence of Cu3SbS4 indicates that at this temperature variation in sulfur content will not lead to formation of this phase and thus the temperature plays more important role in its formation. In summary, the phase stability and purity of CuSbS2 appears to be strongly affected by the synthesis conditions including the precursors' ratio and reaction temperature. The ratios of 2.5 and 3 of sulfur precursor provide good results at both temperatures.
The values of lattice parameters are summarized in Table 1 . (Table 1) 
Morphological observations
Figs. 3a-e depict SEM images of the powders synthesized at 240 °C for 5 min. As can be seen, the shape and size of the particles was a variable of the ratio of sulfur addition to copper and antimony content. This observation suggests that the shape and size of CuSbS2 powders can be controlled by the variation of only the amount of sulfur added to the process without having the phase alterations contrary to the report by Ramasamy et.al. [37] who changed solvent from OLA to a mixture of 1-dodecanethiol and t-dodecanethiol to obtain nanosheet morphology. The results of particle size measurements are summarized in Table 2 . These results demonstrate a trend toward increasing length and width and decreasing thickness of the particles with the addition of excess of sulfur. At the same time, the ratio between the length and width changes dramatically, i.e., Figs. 4a-e shows that the trend of alteration of the particle shape and growth was repeated at 260 °C except that the particles are smaller at the same precursor ratio when compared with the samples obtained at 240 °C. This is probably due to the higher temperature of injection that causes more nuclei to form and consequently results in smaller size particles [28] . As the temperature increases, the nucleation rate and thus particle concentration increases and the time required to reach the same size increases. It is distinctive to observe in Fig. 4a that the reaction at the ratio of 2 and at 260 °C is imperfect, as was perceived previously from the XRD pattern as well. The length of the particles ranges between 250 to 350 nm and 300 to 600 nm for powders obtained at the ratio of 2.5 and 3, with a thickness of 25-50 nm and 10-50 nm, respectively. Very small particles on the surfaces of nanoplatelets for the ratio of 3.5 and 4 illustrates that probably there are some unreacted precursors in agreement with XRD patterns.
(Figure 4)
( These results are in agreement with earlier studies [38, 39] confirming that CuSbS2 has both indirect and direct band gaps. Nevertheless, other observations exist as well. Ramasamy et al. [37] reported direct and indirect values with a difference of 0.3 eV while Chen et al. reported CuSbS2 as a material with an indirect band gap [40] . The differences between the results are due to differences in structure and morphology of each study. 
Formation and initial growth of CuSbS2
Because both Sb2S3 and Cu3SbS4 peaks were recognized in the synthesis at 240 °C by XRD, sampling during the synthesis procedure was carried out to understand growth mechanism at this temperature. Fig. 7 displays XRD patterns at the ratio of 3 at 240 and 260 °C at the initial stage of the growth (after injection and reaching once again the target temperature (zeroth min)). From the XRD pattern, it can be concluded that intermediate Sb2S3 and Cu3SbS4 phases are absent at a higher temperature (260 °C). Selected area electron diffraction (SAED) pattern and TEM images of zeroth min sample (Fig. 8a and b ) and 2 min after that ( Fig. 8d and e (Fig. 8f) . The EDX mapping images from zeroth min sample in Fig. 9 clearly indicate that the rods consist of Sb and S atoms and according to XRD and SAED pattern of this sample (Fig. 7) , rods are likely to be Sb2S3 phase. SEM images of samples collected from the reaction solution at 240 ºC and at the ratio of 3 at different times of growing procedure are in Figs. 10a-f. Immediately after injection (Fig. 10a) , an agglomeration of nanoparticles that ascertained nucleation formation is observable. Fig. 10b demonstrates the presence of a mixture of CuSbS2 nanosheets, rod shaped Sb2S3 particles and round Cu3SbS4 nanoparticles for zeroth min sample. It should be noted that time interval between injection and reaching once again the target temperature was around 2.5 min. This is the period when conversion to CuSbS2, Cu3SbS4, and Sb2S3 phases occurred. After 2 min (Fig. 10c) since the temperature was stabilized nanosheets were grown, but Sb2S3 phase still existed. The difference in the reactivity of precursors probably results in these separate phases. Nevertheless, when time passes Cu3SbS4 nanoparticles and Sb2S3 rods dissolve to the leached precursor solution and redeposit to grow the existing CuSbS2 nanosheets (Figs. 10d-f ). This investigation showed that famatinite to chalcostibite phase transformation is possible and revealed how CuSbS2 phase is formed from precursors. Schematic illustration of growth mechanism is presented in Fig. 11 . In order to investigate the effect of reaction time on the growth procedure, powders at the ratio of 3 were synthesized at 240 °C and the reaction was continued for 20 min. Fig. 12a and the inset depicts the fact that nanosheets become thicker with reaction time. It is inferred that coalescence of very thin nanosheets form thicker plate-like particles which can be called nanobricks having thickness ranging from 100 to150 nm, average length of 1.3 µm and average width of 0.8 µm. The XRD pattern in Fig. 12c shows pure orthorhombic CuSbS2 phase. Estimated direct and indirect band gaps for this sample ( Fig. 12b and inset) suggests decreasing of the band gap in comparison with the nanosheets. Figs. 13 (a-d) show SAED pattern, TEM, fast Fourier transform (FFT), and HRTEM images from a single particle that confirm the single-crystal nature of the CuSbS2 particles. Accordingly, the SAED patterns from the top and bottom side of the particle (inset of Fig. 13b ) were similar. It should be noted that the SAED pattern and the HRTEM were taken after an alpha tilt of -14.6 degrees (Fig. 13e) . After tilting the sample back to the original perpendicular position (Fig. 13f) , it can be concluded that the normal of the plate is Structural and optical properties of obtained CuSbS2 suggest that it can be used for several applications such as supercapacitors and in particular for solar cells. Table 2 . Summary of the calculation for average particle size after 5 min reaction time 
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